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Abstract
Background:  We previously reported that NKG2A, a key inhibitory ligand for HLA-E, is
expressed on activated TH2 but not TH1 cells. Here we measured cytokine expression in human
ex vivo TH2 cells upon activation with anti-CD3/28 and challenge with an NKG2A-specific agonist.
Methods: TH2 cells were purified from healthy volunteers and activated with anti-CD3/28 in the
presence and absence of NKG2A-specific agonist. IL-4 was used as a marker of TH2 effector
function and measured by flow cytometry.
Results: Activation of TH2 cells increased NKG2A positivity from (Mean ± SE) 7.3 ± 2.4% to 13.7
± 3.8%; (p = 0.03). The presence of NKG2A agonist did not significantly alter NKG2A expression,
however, the percentage of activated TH2 cells expressing intracellular IL-4 decreased from 25.5
± 6.8% to 9.3 ± 4.8% (p = 0.001).
Conclusion: We show that signalling through NKG2A suppresses TH2 effector function. This may
provide a means to modulate Th1/Th2 balance in diseases where Th2 cytokines predominate.
Background
NKG2A [Swiss-Prot: P26715] is an inhibitory C-type lec-
tin most commonly found on natural killer (NK) cells and
cytotoxic T lymphocytes[1-4]. The receptor-ligand bind-
ing of NKG2A to MHC class Ib antigen HLA -E[5-10]
induces an immunoreceptor tyrosine-based inhibition
motif (ITIM) that suppresses effector cell cytotoxic activ-
ity[11-14]. It has been reported that this inhibition of
cytotoxicity is important in NKG2A's role in the modula-
tion of cytotoxic immune response to viruses[15-20] and
cancers[21,22].
Our previous report on NKG2A showed that it is
expressed on activated human TH2 but not TH1 cells[23].
Based on our data, we proposed a model where disease
states characterized by decreases in HLA-E expression, for
example as seen in melanoma[24] and herpes simplex
virus infection[25], would lead to decreased agonism at
TH2 NKG2A receptors. The resultant decrease in NKG2A
inhibitory signaling would lead to relatively increased
TH2 cell effector function, exacerbating Th1/Th2 imbal-
ance in diseases where that balance is relevant.
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As a first step toward establishing the feasibility of this
model, we hypothesized that ligation of NKG2A receptors
on activated TH2 cells would be expected to lead to down-
stream suppression of interleukin (IL)-4 expression[23].
Here, we test this hypothesis using purified human ex vivo
TH2 cells with activation by anti-CD3/CD28 antibodies
and challenge with an NKG2A-specific agonist.
Methods
Participants
Apparently healthy, non-atopic, non-asthmatic volun-
teers between the ages of 18 and 50 years had 60 mL of
venous blood drawn directly into ethylenediamine-
tetraacetic acid (EDTA) following written informed con-
sent. The investigation was approved by the hospital's
Institutional Review Board and General Clinical Research
Center (GCRC) Advisory Committee and performed in
the hospital GCRC.
TH2 cell isolation
Cell separation procedures were begun within 30 minutes
of blood collection. TH2 cells were isolated from whole
blood as we previously described[23]. Briefly, EDTA-
whole blood was centrifuged at low speed to allow
removal of platelet-rich plasma. The remaining cells were
diluted and centrifuged over Ficoll Paque PLUS™ (Amer-
sham Biosciences, Piscataway, NJ) density medium to iso-
late the peripheral blood mononuclear cell (PBMC) layer.
The PBMCs were counted by hemocytometer to assure a
concentration less than 8 × 107  cells/mL. TH2 lym-
phocytes were negatively isolated from the PBMCs using
StemSep™ magnetic gravity columns (StemCell Technolo-
gies, Vancouver, BC) with a monoclonal antibody cocktail
we previously validated for TH2 enrichment to 84%
purity[23]. Eluted TH2 cells were immediately placed in
cell culture.
Cell culture
Four cell culture conditions were used (Table 1), includ-
ing combinations of resting and activated TH2 cells and
challenge with an NKG2A agonist. All TH2 cells, except
negative controls, were pre-treated with IgG2a (R&D Sys-
tems, Minneapolis, MN) to prevent non-specific antibody
binding. Plates for activated TH2 cell culture conditions
were prepared with 10 μg/mL each of plate-bound anti-
CD3 (Clone SK7: BD Biosciences, San Diego, CA) and sus-
pended anti-CD28 antibodies (Clone 15E8: Chemicon
International/Upstate USA, San Francisco, CA). The
enriched TH2 cells (< 1 × 106 cells/mL) were aliquoted
equally into each of the four cell culture conditions sus-
pended in HB 101 Basal Media (Irvine Scientific, Santa
Ana, CA), 10% HB Basal Supplement (Irvine Scientific),
10% autologous plasma, 10% Penicillin/Streptomycin
(Sigma-Aldrich, St. Louis, MO), and 1% Gentamicin
(Sigma-Aldrich). Negative control wells contained TH2
cells in culture medium alone.
The NKG2A agonist used for these experiments was an
anti-NKG2A antibody (Clone 131411, R&D Systems) that
specifically binds the NKG2A receptor and elicits its inhib-
itory signal[26,27]. Cells were treated with either 10 μg/
mL of soluble or plate-bound anti-NKG2A antibody as
per these previous reports at culture inception and every
24 hours. Results for soluble and plate-bound anti-
NKG2A antibody were similar so only results from solu-
ble treatments were used for analysis (Data not shown).
Likewise, isotype control wells were treated every 24 hours
with 10 μg/mL of anti-IgG2a (R&D Systems), the isotype
for the anti-NKG2A antibody. All cell culture conditions
were maintained for 48 hours at 37°C and 5% CO2.
Flow cytometry
Post-culture TH2 cells underwent a series of incubations
with fluorescent-labeled monoclonal antibodies, as well
as permeablization and fixation with 2% paraformalde-
hyde. Four-color flow cytometry (FACSCalibur™ System,
BD) was performed with varying combinations of anti-
CD3-PerCP (BD), anti-CD4-FITC (BD), anti-CD4-APC
(BD), anti-CD8-FITC (BD), anti-NKG2A-APC (R&D Sys-
tems), anti-NKG2C-PE (R&D Systems), anti-IFN-γ-FITC
(BD), and anti-IL-4-PE (BD) using appropriate isotype
and negative (unlabeled cells) controls. Cells were gated
for viable TH lymphocytes using forward- and side-scatter
properties and CD3+CD4+ double positivity. Flow data
were analyzed with FlowJo 7.1 (Tree Star, Inc., Ashland,
OR).
Data analysis
Within- and between-culture condition comparisons were
made for percent positive cells and geometric mean fluo-
Table 1: Description of Cell Culture Conditions
Condition Cell Stimulants (10 μg/mL each) Added Antibody* (10 μg/mL each)
Positive Control anti-CD3 and anti-CD28 None
Anti-NKG2A Antibody anti-CD3 and anti-CD28 anti-NKG2A
Isotype Control anti-CD3 and anti-CD28 IgG2a
Negative Control None None
*Added every 24 hours.BMC Pulmonary Medicine 2007, 7:14 http://www.biomedcentral.com/1471-2466/7/14
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rescence intensity (MFI). Statistical significance was tested
with SPSS 13 (SPSS, Chicago, IL) using paired T-tests.
Results
A total of ten apparently healthy, non-atopic, non-asth-
matic adult volunteers were enrolled in this study. Both
genders and a diverse group of ethnicities and races were
represented among the participants.
Following culture in the four distinct conditions (positive
control, anti-NKG2A antibody, isotype control, and nega-
tive control) TH2 cell samples were examined by four-
color flow cytometry to confirm the expected rise in cells
positive for NKG2A surface expression. The cultured cells
were > 97% pure CD3+CD4+CD8- TH cells. We found sig-
nificant up-regulation of TH2 NKG2A positivity from 7.3
± 2.3% in negative controls to 13.7 ± 3.8% in positive
controls (p = 0.03) consistent with our previously pub-
lished data[23]. There was no significant difference in the
surface expression of NKG2A (16.0 ± 4.0%) on the acti-
vated TH2 cells cultured in the presence of anti-NKG2A
antibodies and the positive controls. Results for soluble
and plate-bound anti-NKG2A antibody were similar so
only results from soluble treatments were used for analy-
sis. Additionally, there was no appreciable change in the
low level expression of activating NKG2C (data not
shown). This was also consistent with our previous find-
ings[23].
In order to assess the impact of NKG2A signaling on TH2
cell effector function following activation through the
TCR, we performed flow cytometry for intracellular
expression of IL-4 and IFN-γ. There was significant up-reg-
ulation of intracellular IL-4 from 6.7 ± 4.6% in negative
controls to 25.5 ± 6.8% in positive controls (p = 0.003).
(Table 2 and Figure 1) When TH2 cells were activated in
culture in the presence of anti-NKG2A antibodies, the
intracellular expression of IL-4 fell from 25.5 ± 6.8% to
9.3 ± 4.8% (p = 0.001) overall. (Table 2 and Figure 1) This
level of IL-4 expression was not significantly different
from the negative controls. As before, results for soluble
and plate-bound anti-NKG2A antibody were similar so
only results from soluble treatments were used for analy-
sis. Additionally, double-staining of activated TH2 cells
for surface NKG2A and intracellular IL-4 showed the
reduction in IL-4 expression occurs mainly among the
NKG2A positive cells. (Figure 2)
We also examined expression of IFN-γ and found similar
changes in intracellular expression. Negative control
expression was 4.8 ± 0.8%. This increased to 7.7 ± 1.3% in
positive controls (p = 0.05) and fell to 5.5 ± 1.3% in the
presence of anti-NKG2A antibody (p = 0.04). This level of
expression was not different from negative controls.
Discussion
Using a monoclonal antibody cocktail we developed for
the negative isolation of human TH2 cells, we confirmed
our previous work showing a significant increase in
Table 2: Between Cell Culture Condition Comparisons of TH2 Cell Positivity for IL-4 and IFN-γ
Condition IL-4 Positive (%) Fold IL-4 MFI IFNγ Positive (%) Fold IFNγ MFI
Positive Control (CD3/
CD28)
Mean 25.5% 22.47 7.7% 7.43
SEM 6.8% 12.26 1.3% 1.42
p-value (Negative Control) 0.003 0.03 0.05 0.05
p-value (Isotype Control) 0.11 0.18 0.35 0.24
Anti-NKG2A Antibody 
(CD3/CD28 + anti-NKG2A)
Mean 9.3% 4.39 5.5% 5.29
SEM 4.8% 1.81 1.3% 1.50
p-value (Positive Control) 0.001 0.01 0.04 0.01
p-value (Isotype Control) 0.005 0.066 0.427 0.234
Isotype Control (CD3/CD28 
+ IgG2a)
Mean 23.7% 7.81 4.9% 6.50
SEM 1.0% 0.72 2.7% 0.43
p-value --- -
Negative Control (Culture 
Medium Alone)
Mean 6.7% 2.76 4.8% 4.83
SEM 4.6% 0.63 0.8% 1.60
p-value --- -
p ≤ 0.05 in bold.BMC Pulmonary Medicine 2007, 7:14 http://www.biomedcentral.com/1471-2466/7/14
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NKG2A surface protein expression following the activa-
tion of TH2 cells[23]. Here, we tested the hypothesis that
activated TH2 cell effector function is diminished in the
presence of NKG2A signaling.
We induced NKG2A signaling using a monoclonal anti-
body specific for the NKG2A receptor that has been
shown to be an agonist and cause suppression of NK cell
cytotoxicity in P815 target cells[27]. We used a magnetic
gravity column isolation to obtain quiescent human
peripheral blood TH2 cells. These TH2 cells were bound
with the NKG2A agonist antibody and then studied for
downstream signaling of CD3/CD28. Activated NKG2A+
TH2 cells cultured with this NKG2A agonist showed a sig-
nificant decrease in effector function indicated by intrac-
ellular IL-4 expression measured by flow cytometry. As
NKG2A is expressed on TH2 but not TH1 cells [23], our
ligation of NKG2A would have the functional conse-
quence of altering Th1/Th2 cytokine ratios. To our knowl-
edge, this is the first ex vivo immune modulation of
human TH2 cells.
The data presented here suggest that use of this NKG2A
agonist antibody could modulate Th1/Th2 balance
toward Th1 and thus modulate inflammatory responses.
Consistent with this model, Kawamura, et al. used anti-
NKG2A monoclonal antibodies to restrict donor T cell
expansion and suppress inflammation in a murine model
of acute graft-versus-host disease[28]. Our data suggest
that this may also be possible in human diseases like
asthma, colitis, and autoimmune diseases where Th1/Th2
cytokine balance is important.
Our finding that the NKG2A receptor is capable of modu-
lating TH2 cell effector function is analogous to its pur-
pose on CD8+ cytotoxic T cells, where it helps prevent
cytotoxicity of HLA-E expressing cells. In TH2 cells it
appears that there is concomitant binding of NKG2A to
HLA-E along with the CD4+-TCR to MHC class II. This
parallel receptor-ligand binding likely results in transmis-
sion of an inhibitory signal from NKG2A via SHP-1 and
SHP-2 along with the activating signal from the TCR.
Given the lack of NKG2A on activated TH1 cells, this
could lead to a relatively robust TH2 response.
As in our previous study, we continued to find sizeable
inter-individual variability in the level of NGK2A expres-
sion before and after TH2 cell activation. This has been
described previously for NKG2 receptors in rhesus mon-
keys [29] and is either indicative of dynamic switching of
NKG2 receptor expression between subtypes or individual
genetic differences.
Conclusion
In conclusion, we identified significant suppression of IL-
4 expression in activated TH2 cells via NKG2A binding
and ultimate TCR signaling inhibition. Extrapolated to
clinical scenarios where HLA-E and thus NKG2A binding
Comparison of intracellular IL-4 expression between culture conditions Figure 1
Comparison of intracellular IL-4 expression between culture conditions. Comparison of TH2 lymphocytes cultured 
in each of four culture conditions. Mean ± SEM percent cells positive for intracellular IL-4 is shown in this graph.BMC Pulmonary Medicine 2007, 7:14 http://www.biomedcentral.com/1471-2466/7/14
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are in low abundance, we have shown that TH2 cells
could be expected to exhibit a relatively robust response
and that this response could potentially be modulated by
NKG2A agonist. This represents a new aspect of Th1/Th2
balance in inflammation with possible clinical implica-
tions.
Abbreviations
TH – T-Helper Cell; IL – Interleukin; IFN – Interferon; TCR
– T Cell Receptor; PBMC – Peripheral Blood Mononuclear
Cell
Competing interests
The author(s) declare that they have no competing inter-
ests.
Authors' contributions
RJF conceived of the study and participated in its design
and coordination. KN and EPH participated in the design
of the study. RJF, BM, and MN carried out the cell culture
and flow cytometry studies. RJF performed the statistical
analyses. RJF, KN, and EPH drafted the manuscript. All
authors read and approved the final manuscript.
Acknowledgements
Funding support provided by grants K23-RR-020069 (RJF) and M01-RR-
020359 (RJF) from the National Institutes of Health, Bethesda, Maryland, 
USA.
References
1. Houchins JP, Yabe T, McSherry C, Bach FH: DNA sequence analy-
sis of NKG2, a family of related cDNA clones encoding type
II integral membrane proteins on human natural killer cells.
J Exp Med 1991, 173(4):1017-1020.
Representative flow cytometry comparison of surface NKG2A and intracellular IL-4 co-expression between culture conditions Figure 2
Representative flow cytometry comparison of surface NKG2A and intracellular IL-4 co-expression between 
culture conditions. Flow cytometry comparison of NKG2A and IL-4 co-expression for an exemplary sample of TH2 cells 
cultured with CD3/CD28 antibodies (positive control) and soluble CD3/CD28/NKG2A antibodies (A). The accompanying his-
togram shows the similar decrease in overall IL-4 expression in the same positive control (outlined) and Anti-NKG2A samples 
(shaded) (B). Analyses were gated by forward and side-scatter properties and on CD3+CD4+ cells.
A
BPublish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Pulmonary Medicine 2007, 7:14 http://www.biomedcentral.com/1471-2466/7/14
Page 6 of 6
(page number not for citation purposes)
2. Hofer E, Duchler M, Fuad SA, Houchins JP, Yabe T, Bach FH: Candi-
date natural killer cell receptors.  Immunol Today 1992,
13(11):429-430.
3. Yabe T, McSherry C, Bach FH, Fisch P, Schall RP, Sondel PM, Houchins
JP: A multigene family on human chromosome 12 encodes
natural killer-cell lectins.  Immunogenetics 1993, 37(6):455-460.
4. Lazetic S, Chang C, Houchins JP, Lanier LL, Phillips JH: Human nat-
ural killer cell receptors involved in MHC class I recognition
are disulfide-linked heterodimers of CD94 and NKG2 subu-
nits.  J Immunol 1996, 157(11):4741-4745.
5. Posch PE, Borrego F, Brooks AG, Coligan JE: HLA-E is the ligand
for the natural killer cell CD94/NKG2 receptors.  J Biomed Sci
1998, 5(5):321-331.
6. Braud VM, Allan DS, O'Callaghan CA, Soderstrom K, D'Andrea A,
Ogg GS, Lazetic S, Young NT, Bell JI, Phillips JH, Lanier LL, McMichael
AJ:  HLA-E binds to natural killer cell receptors CD94/
NKG2A, B and C.  Nature 1998, 391(6669):795-799.
7. Brooks AG, Borrego F, Posch PE, Patamawenu A, Scorzelli CJ, Ulbre-
cht M, Weiss EH, Coligan JE: Specific recognition of HLA-E, but
not classical, HLA class I molecules by soluble CD94/NKG2A
and NK cells.  J Immunol 1999, 162(1):305-313.
8. Lee N, Llano M, Carretero M, Ishitani A, Navarro F, Lopez-Botet M,
Geraghty DE: HLA-E is a major ligand for the natural killer
inhibitory receptor CD94/NKG2A.  Proc Natl Acad Sci U S A 1998,
95(9):5199-5204.
9. Maier S, Grzeschik M, Weiss EH, Ulbrecht M: Implications of HLA-
E allele expression and different HLA-E ligand diversity for
the regulation of NK cells.  Hum Immunol 2000,
61(11):1059-1065.
10. Miller JD, Weber DA, Ibegbu C, Pohl J, Altman JD, Jensen PE: Anal-
ysis of HLA-E peptide-binding specificity and contact resi-
dues in bound peptide required for recognition by CD94/
NKG2.  J Immunol 2003, 171(3):1369-1375.
11. Houchins JP, Lanier LL, Niemi EC, Phillips JH, Ryan JC: Natural killer
cell cytolytic activity is inhibited by NKG2-A and activated by
NKG2-C.  J Immunol 1997, 158(8):3603-3609.
12. Borrego F, Kabat J, Sanni TB, Coligan JE: NK cell CD94/NKG2A
inhibitory receptors are internalized and recycle independ-
ently of inhibitory signaling processes.  J Immunol 2002,
169(11):6102-6111.
13. Braud VM, Aldemir H, Breart B, Ferlin WG: Expression of CD94-
NKG2A inhibitory receptor is restricted to a subset of CD8+
T cells.  Trends Immunol 2003, 24(4):162-164.
14. Kabat J, Borrego F, Brooks A, Coligan JE: Role that each NKG2A
immunoreceptor tyrosine-based inhibitory motif plays in
mediating the human CD94/NKG2A inhibitory signal.  J
Immunol 2002, 169(4):1948-1958.
15. Jinushi M, Takehara T, Tatsumi T, K a n t o  T ,  M i y a g i  T ,  S u z u k i  T ,
Kanazawa Y, Hiramatsu N, Hayashi N: Negative regulation of NK
cell activities by inhibitory receptor CD94/NKG2A leads to
altered NK cell-induced modulation of dendritic cell func-
tions in chronic hepatitis C virus infection.  J Immunol 2004/11/
06 edition. 2004, 173(10):6072-6081.
16. Nattermann J, Nischalke HD, Hofmeister V, Ahlenstiel G, Zimmer-
mann H, Leifeld L, Weiss EH, Sauerbruch T, Spengler U: The HLA-
A2 restricted T cell epitope HCV core 35-44 stabilizes HLA-
E expression and inhibits cytolysis mediated by natural killer
cells.  Am J Pathol 2005/02/01 edition. 2005, 166(2):443-453.
17. Gold MC, Munks MW, Wagner M, McMahon CW, Kelly A, Kavanagh
DG, Slifka MK, Koszinowski UH, Raulet DH, Hill AB: Murine
cytomegalovirus interference with antigen presentation has
little effect on the size or the effector memory phenotype of
the CD8 T cell response.  J Immunol 2004/05/22 edition. 2004,
172(11):6944-6953.
18. Lopez-Botet M, Angulo A, Guma M: Natural killer cell receptors
for major histocompatibility complex class I and related
molecules in cytomegalovirus infection.  Tissue Antigens 2004/
03/03 edition. 2004, 63(3):195-203.
19. Pappworth IY, Wang EC, Rowe M: The switch from latent to pro-
ductive infection in epstein-barr virus-infected B cells is asso-
ciated with sensitization to NK cell killing.  J Virol 2006/11/03
edition. 2007, 81(2):474-482.
20. Suvas S, Azkur AK, Rouse BT: Qa-1b and CD94-NKG2a interac-
tion regulate cytolytic activity of herpes simplex virus-spe-
cific memory CD8+ T cells in the latently infected trigeminal
ganglia.  J Immunol 2006/01/21 edition. 2006, 176(3):1703-1711.
21. Sheu BC, Chiou SH, Lin HH, Chow SN, Huang SC, Ho HN, Hsu SM:
Up-regulation of inhibitory natural killer receptors CD94/
NKG2A with suppressed intracellular perforin expression of
tumor-infiltrating CD8+ T lymphocytes in human cervical
carcinoma.  Cancer Res 2005/04/05 edition. 2005, 65(7):2921-2929.
22. Vitale C, Chiossone L, Morreale G, Lanino E, Cottalasso F, Moretti S,
Dini G, Moretta L, Mingari MC: Human natural killer cells under-
going in vivo differentiation after allogeneic bone marrow
transplantation: analysis of the surface expression and func-
tion of activating NK receptors.  Mol Immunol 2004/12/21 edition.
2005, 42(4):405-411.
23. Freishtat RJ, Mitchell LW, Ghimbovschi SD, Meyers SB, Hoffman EP:
NKG2A and CD56 are coexpressed on activated TH2 but
not TH1 lymphocytes.  Hum Immunol 2005, 66(12):1223-1234.
24. Derre L, Corvaisier M, Charreau B, Moreau A, Godefroy E, Moreau-
Aubry A, Jotereau F, Gervois N: Expression and release of HLA-
E by melanoma cells and melanocytes: potential impact on
the response of cytotoxic effector cells.  J Immunol 2006/08/22
edition. 2006, 177(5):3100-3107.
25. Megret F, Prehaud C, Lafage M, Moreau P, Rouas-Freiss N, Carosella
ED, Lafon M: Modulation of HLA-G and HLA-E expression in
human neuronal cells after rabies virus or herpes virus sim-
plex type 1 infections.  Hum Immunol 2007/04/03 edition. 2007,
68(4):294-302.
26. Brando C, Mukhopadhyay S, Kovacs E, Medina R, Patel P, Catina TL,
Campbell KS, Santoli D: Receptors and lytic mediators regulat-
ing anti-tumor activity by the leukemic killer T cell line
TALL-104.  J Leukoc Biol 2005, 78(2):359-371.
27. Monoclonal Anti-human NKG2A Antibody   [http://
www.rndsystems.com/pdf/mab1059.pdf]
28. Kawamura H, Yagita H, Nisizawa T, Izumi N, Miyaji C, Vance RE, Rau-
let DH, Okumura K, Abo T: Amelioration of acute graft-versus-
host disease by NKG2A engagement on donor T cells.  Eur J
Immunol 2005, 35(8):2358-2366.
29. Labonte ML, Letvin NL: Variable NKG2 expression in the
peripheral blood lymphocytes of rhesus monkeys.  Clin Exp
Immunol 2004, 138(2):205-212.
Pre-publication history
The pre-publication history for this paper can be accessed
here:
http://www.biomedcentral.com/1471-2466/7/14/prepub